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Well leakage analysis tool - Main Page

Models
& Cemented wellbore model
" Multisegmented well model
 Open wellbore model
¢ Brine leakage model

Enter parameters

This standalone tool contains Reduced Order Models (ROMSs) for the analysis
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Webinar Outline

. NRAP overview

Il. WLAT overview and background
Ill. Input needed

V. Software walkthrough

V. Example use cases

VI. QA/QC and future developments
VIl. Questions and Open Discussion
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|. National Risk Assessment Partnership (NRAP)

NRAP leverages DOE’s capabilities to help quantify uncertainties and risks
necessary to remove barriers to full-scale CO, storage deployment.

Objective: Building toolsets and improving the science base to
address key questions about potential impacts related to release of
CO, or brine from the storage reservoir, and potential ground-motion
Impacts due to injection of CO,

Technical Team Stakeholder Group
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NRAP’s approach to quantifying performance relies on
reduced-order models to probe uncertainty in the system

IAM
A. Divide system into pr " 5
discrete components Energy Data 2 _._p
| B. Develop detailed Exchange (EDX) i § :
% component models : £ :
i that are validated o2 ! [E—
b against lab/field data ¢ 7 i D RT;%rggtfdor
E'<C‘5: = _E_> Media
s O —~ ]
P @ %T b
| SAA
e (1 - C 2 < Release and
i T T A T TTTT E o _:_> Transport
. C. Develop reduced-order s T :
y, models (ROMSs) that = -
RN o o O o rapidly reproduce . ': Storage
o e AR S mon N :|_ component model :’ &> | Resenvor

predictions

D. Link ROMs via integrated
assessment models (IAMs) to

E. Develop strategic monitoring predict system performance & risk;
protocols that allow verification of calibrate using lab/field data from
predicted system performance NRAP and other sources
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NRAP Tools

Now available for beta testing

NRAP-IAM-CS
Design for Risk
Evaluation and
Monitoring Aquifer
Ir termediate reservoirs mpact Mode!
Wellbore Leakage "
Analysis Tool ,gu:
i 4
C ®
= o3 Short Term Seismic
o Forecasting
Natural Seal =
ROM 7

Reservoir Evaluation | — ~~—/_ _—
and Visualization www.edx.netl.doe.gov/nrap = TOOL BETA TESTING link ®
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http://www.edx.netl.doe.gov/nrap

Schedule for NRAP Tool Webinar Series

Date/ Time Tool Presenter(s)
October 13 Integrated Assessment Model-Carbon Rajesh Pawar
Time: 1pm ET Storage (NRAP-IAM-CS)

(2.5 hours)
October 19 Natural Seal ROM (NSealR) Ernest Lindner
Time: 1pm ET (1 hour)
October 26 Reservoir Evaluation and Visualization Seth King
Time: 1pm ET (REV) Tool (1 hour)
November 2 Well Leakage Analysis Tool (WLAT) Nicolas Huerta
Time: 1pm ET (1.5 hour)
November 9 Aquifer Impact Model (AIM) (1 hour) Diana Bacon
Time: 1pm ET
November 16 Design for Risk Evaluation and Monitoring ~ Catherine Ruprecht
Time: 1pm ET (DREAM) (1 hour)

November 30
Time: 1pm ET
December 7

Time: 1pm ET

Short Term Seismic Forecasting (STSF)
(1 hour)

TBD

Josh White, Corinne Bachman

Check for updates at www.edx.netl.doe.gov/nrap

®

NRAP

National Risk Assessment Partnership.
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http://www.edx.netl.doe.gov/nrap

Il. WLAT Overview and Background

[ al
i h T W

The Well Leakage Analysis Tool |= 3 o

Number of shale layers Rate of injection [m¥s

- - Shale thickness [m] shale_thickness txt E Time period [years] 50.0
Well permeability along shale [m®] |well_permeability.txt E
CO2 properties
Land surface pressure [Pa] 101352.0
Density [kg/m?] 479.0
. .
that describe various types of e
Number of aquifers |2 Biine properties
- Thickness [m] aquifer_thickness.txt E Density [kg/m?] 1000.0
potential well leakage g T
. .
Residual saturation [-] 0.0
fl -
Resanoir el Compressibility [1/Pa] 5.1e-10
Thickness [m] 50.0 Diameter [m] 1.0e-1 Additional | parameters
Permeability [m?] 1.0e-12 Flow area [m?] 7.8540e-03 Time step [days] 300

] Porosity [ 03 Distance to well [m] ~[1000.0 Time units for plots years —
What can it be used for?

. L. . cle—4 Laakageratesufctf a0le=5 Leakageratesufbrf - —
Understand how an individual well might : — |l e

leak over time : .
Compare leakage models

Test the behavior of the well leakage :07:/2 - =
models in the NRAP-IAM-CS

te [kafs]
W
[kafs]

B[O[O[+[ B[ s o
Provide a means to test how individual
model parameters might affect leak rate

GUI and Source Code versions available
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ENERGY NSTL olr] L LosAlamos  Pacific | NRAl
Taan Fl y National Risk Assessment Partnership




Il. Component models in the WLAT

Current version has four well leakage

Conductor models:
Casing

1. Cemented wellbore model

- . Treats multiphase flow of CO, and brine up a
urface Underground Source of Drinking Water
Underground Source of Drinking Water| cemented well

Casing

. Can deal with leakage to atmosphere, aquifer,
and thief zone

. Currently incorporated into NRAP-IAM
2. Multisegmented wellbore model
. Uses model developed by Princeton University

. Treats multiphase flow of CO, and brine up a
cemented well

— Can deal with leakage to atmosphere, aquifer,
- [Thief Zonef and thief zone(s)

Se——— Can simulate simple injection and transport to
leaky well

3. Open wellbore model

. Treats the flow of CO, up an open well

. Currently incorporated into NRAP-IAM
4. Brine leakage model

Treats the leakage of CO, saturated brine with
geochemical effects

o

0, Storage Formation |j:.

g, Tt | B —— NRAP

National Risk Assessment Partnership.




lll. Input data

Conductar
Casing

Surface Underground Source of Drinking Water

Casing

o

[Production {co. Storage Formation |
1 <Casing

Each model has specific data input
needs, but they generally all need.:

Well geometry

— Casing data, cement length,
annular areas, subsurface
formation locations

« Equivalent permeability

* Pressure and saturation at the
leak source over time

* Timescale of interest
Data can come from:
« Regulatory or industry databases

~+ Published literature
-+ Numerical simulations

Py > ANRAP
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lll. Some input data examples

68 T T T
Carey, In Review
u
o
2
—
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o
e
S
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=2
]
le-24 1le-22 1le-20 le-18 le-16 le-14 le-12 le-10
Well Permeability (m?)
Crilzd and D-Bed, Cased and
Feardened handtss
Feglalary Shasgs! Rigelatory Chasge! 108 Range and Expected Value of Effective Permeability
. : : . -
o
: I Tao et al., 2014 ,
g Past Crange Fra Gaurtga Past Charg Fra Chinge 102} FieldD - 4
o =]
S E o Field A
& Curmanl o Eurbacu Curnunl b Sarfarce = 1 N ]
 — % 100 \' < 3
Hin M !l'liu i I
TestAraa? Test firear Test frea’ TestArea? Tes e’ Test frea? & 101} -
| )
— I - | 1 % 102} ;
. Yor T;- wlu e hi-s s “|“ Ain ¥ee b
| =
Quvialed? Laeaad? Dasatad? Luemiud? I:wLI:ﬂ‘ Davwrad ¥ Ell'.illld" Darmac? r-'l'nifllll-' Jwvianed® W 10-3L AR Field B ]
TTET TTYTTETYTYTTT YT 100 : :
J,: et ! A MR AN mway 10-1 10" 102 109 104
|"" Pressure Buildup Rate (psi/day)
e "' 1% I 1 IWE . I gt LS ] R AR . LS L iwe o Lt e
kR RiEERE FRERE BEEE BRRE

Increasing Frahalling of Loakage dus 1o SCVF andiar Gid

http://wogcc.state.wy.us/ Watson and Bachu, 2009
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V. Simple data run with Multisegmented well model

I Well leakage analysis tool - Main Page

Model

" Cemented wellbore model
¢ _Multisegmented well model

© Open wellbore model

&) Multisegmented well mode

~Shale layer rInjection
 Brine Ieaage model Mumber of shale |ayers 3 Rate of injection [m®s] |01
Enter parameter Shale thickness [m] |sha|eilh\ckness,bct Time period [years] 50.0
—~.

Vv

‘Well permeability along shale [m?] |weH_permeah\|ity,txl

rCO2 propertie

Density [kg/m®] 479.0
~Aquifers Viscosity [Pa-s] 3.95e-5
Version: 0.8.1.0 (08/05/2015)

o A Q Developer: Veronika Vasylkivska mlzreieriize |k r Brine propertie
N"\. Main contact: Nicolas Huerta Thickness [m] |aquiferilh\ckness,bct Density [kgfre] ’W
—— E-mail: Nicolas Huerta@netl.doe.gov Permeability [m?]  |aquifer_permeability txt Viscosity [Pa-s] [l0e3
Acknowledgements
/% \% References Residual saturation [] 00
kv ermore * LOSINAMOS Pecifc Northest (@ sz Leaking well .

Thickness [m] 50.0 Diameter [m] 1.0e-1 - Additional parameter
Permeability [m?] 1.0e-12 Flow area [m®] 7.8540e-03 Time step [days] 300
j Porosity [-] 0.3 Distance to well [m] |1000.0 Time units for plots years =

Tttt ~Result:
- _

This standalone tool contains Reduced Order Models (ROMs) for the analysis ] ,7
of wellbore leakage. This tool and many of the ROMs were developed as part Lol emEze e e 101392.0

of the National Risk Assessment Partnership.
For more information see: hitps://edx.netl.doe.gov/nrap/
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NRAPTRSLOOX.2015 | ratem (6% (10 0 1) Tha paeaster contils the eservo pereatslbty
EYL 0w, .

109110 1)~ T pomt oo peoty s v ﬁl °| °| |
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‘

Shale layers
Number of shale layers
Shale thickness [m]
Well permeability along shale [m?]

Land surface pressure [Pa]

Aquifers
Number of aquifers |2
Thickness [m]
Permeability [m?]

3
shale_thickness.txt
well_permeability txt
101352.0

aquifer_thickness.txt
aquifer_permeability txt

V. Multisegmented well model - GUI

()

Injection
Rate of injection [m¥s]

Time period [years]

CO2 properties
Density [kg/m®]
Viscosity [Pa-s]

Brine properties
Density [kg/m?]
Viscosity [Pa-s]
Residual saturation [-]

Compressibility [1/Pa]

0.1
50.0

479.0
3.95e-5

1000.0
1.0e-3
0.0
5.1e-10

300

years —
Plot

Save |

Resenvoir Leaking well
Thickness [m] 50.0 Diameter [m] 1.0e-1 Additional parameters
Permeability [m?] 1.0e-12 Flow area [m?] 7.8540e-03 Time step [days]
Porosity [] 03 Distance to well [m] |[1000.0 Time units for plots
Results
gle—4 Leakage rates of CO2 a0le5 Leakage rates of brine
— Aquifer 2 35 — Aquifer 2
5 —  Aguifer 1 — Aquifer 1
3.0
4
w w 2=
G G
23 220
i g
o -4 15
2
1.0
1
|7,/ 0.5 \l
o 0.0 I
(4] 10 20 30 40 50 o 10 20 30 40 50 60
Time [years] Time [years]

plool+ -5

Reset
Close

US DEPARTMENT OF

ENERGY

Inputs

« Scalar values typed into GUI

« Array values loaded via *.txt file
Outputs

* Plotted up on GUI

« Can be manipulated

« Figure can be saved as image
or pdf

* Pressure, Temperature,
Saturation histories are saved
with default names

« Data can be exported as a bulk
*.txt file
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V. Multisegmented well model - Inputs

-
Q Multisegmented well model Elglg

Shale layers Injection
Number of shale layers '37 Rate of injection [m¥/s] '017
Shale thickness [m] shale_thickness.txt g Time period [years] ’5007
Well permeability along shale [m?]  |well_permeability txt g‘

COZ2 properties '

Land surface pressure [Pa] 101352.0
Density [kg/m®] 479.0
Aquifers Viscosity [Pa-s] 3.95e-5

Number of aquifers |2 Brine properties

Thickness [m] aquifer_thickness. txt g Density [kg/m?] 10000
Permeability [m?] aquifer_permeability.txt g Viscosity [Pa-s] 1.0e3
Residual saturation [-] 0.0
Compressibility [1/Pa] 5.1e-10

Resenvoir Leaking well
Thickness [m] 50.0 Diameter [m] 1.0e-1 Additional parameters
Permeability [m?] 1.0e-12 Flow area [m?] 7.8540e-03 Time step [days] 30.0

Porosity [] 0.3 Distance ta well [m]  [1000.0 Time units for plots years —
Results Plot
o

1.0 1.0
Save
Reset
08 E 0.8
Close
0.6 g 0.6
0.4 R 0.4
0.2 g 0.2
0.0 0.0
0.0 02 0.4 0.6 0.8 10 0.0 02 04 0.6 0.8 1.0

nlolo)+| & E

*Hypothetical scenario for demonstration purpose only

Shale

Aquifer

Wall Creek
Thief Zone

7

U.S DEPARTMENT OF = " pal
N |2 )
ENERGY 22 b isaeme o
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Niobrara Shale

Mowry Shale

3
NRAP

National Risk Assessment Partnership.



Ex. 1: Testing individual parameters

Distance from the Injection Site vs. Breakthrough Time
0.090
0.080 | ® Well12 o
= ® well 3
e ;?0-070 ® Wwell 7 °
- £0.060 | ® well5
= ® Well9
£ %90 | o well1 ¢
: 3 0.040
- £0030 ®
® $ 0.020 P
® 0.010 *
) injection Well 0.000
L s L e 0 100 200 300 400 500 600
—— #9- 1586 ft #12 - 751 ft Injection Site Distance (m)

Resulls
* Using multisegmented well model (les tesksge s ofo02 e e
* Looking at breakthrough time of CO, into . — s 18 = st
Aquifer 1 (Wall Creek) e
Il F1o
* Scales as we would expect . -
* Specifics of the well do have an effect on "
breakthrough time (annular area, lengths, : l
a 0o

o 2 e 0 a8 pLv] o 2 4 L1t a pit]

etC. ) Tirtner [ypaara] Tirrue [yuars]
/0|0 +| | B/
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Ex. 2: Adding in risk components

. . : .
Relationship between well age, completion Well Age, Completion Quality & Distance

type, and cement permeability from Injection Site vs. Breakthrough Time
4
2000's o
 Distance has the greatest impact on 35 | gioous
brea kth rough t|me 3 O poor Well Completion Py
52.5
* Well age trumps when similar distances e,
E
» Importance of permeability in Well 5 £
>~ 1
o
o
0.1 0.5 a’
ooo | A Worst Case o @ O
0.0 0 500 1000 1500 2000 2500 3000
0.07 Distance from Injection Site (m)
0.06
0.05 °
0.04 o Permeability Values (m?):
0.03 ) 2000 1980 1950
0.02 A Good Well
0.01 ) Completion 9.869x1017 | 9.869x10-14 | 9.689x10-13
o Special Case Poor Well Completion | 9.689x10-15 [ 4.935x1013 | 4.935x10-12
0.00 20000 40000  600.00
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Ex. 4. Model comparison

Multi-Segmented Model vs. Cemented Model Breakthrough
Time Comparison

25
= ——Multi-Segmented
~ 20
Q
= ——Cemented
F 15
e
(@)
>
O 10
e
fd
©
o °
S
m

0

1000 1050 1100 1150 1200 1250 1300 1350 1400 1450 1500

Distance from Injection Site (m)

U.S. DEPARTMENT OF - :‘}l\l\‘ UL- ,@sAlamos :s'{/ NPAP
ENERGY & -losAlamos Nerihest A A e




QA/QC and Future Work

* Currently being tested versus high-resolution simulators.

e Case study being developed that can be used as tutorials or
work flow example for others.

e Current models will be expanded to allow for more
complex subsurface geometry.

* Future models in development to capture effect of
geomechanics and geochemistry on long-term leakage.

1 ~ s
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Questions and Open Discussions

&) Multisegmented well model

rShale layer

MNumber of shale layers
Shale thickness [m]
Well permeability along shale [m?] |we|lipermeability,t)d

Land surface pressure [Pa]

rInjection

R

|sha|e7th\ckness,hd

Rate of injection [m¥s]

Time period [years]

({00

~CO2 propertie
Density [kg/m®]

101352.0

Viscosity [Pa-s]

rAquifer

Thickness [m]
Permeability [m?]

MNumber of aquifers

479.0
3.95e-5

—

; Brine propertie
Density [kg/m®]

‘aqulferﬁthlckness,t:d

‘aqulferipermeabllny,hd g‘ Viscosity [Pa-s]

Residual saturation [-]

Compressibility [1/Pa]

rResemnvoir

Thickness [m]

Leaking well

1000.0
1.0e-3

5.1e-10

1.0e-1

Diameter [m]

Additional parameter

Permeability [m?] 1.0e-12 Flow area [m?] 7.8540e-03 Time stap [days] 300
Paorosity [-] 0.3 Distance to well [m] |1000.0 Time units for plats years —
rResult:
Plot
gle—4 Leakage rates of CO2 aple=s Leakage rates of brine . |
— Aquifer 2 35 — Aquifer 2 Reset
5 — Aquifer 1 — Aquifer 1
3.0 Close
4
g g
i 3 i 20
& €15
2
1.0
1
V/ 05 \l
(] 0.0
(4] 10 20 30 40 50 60 o 10 20 30 40 50 60
Time [years] Time [years]

20O+~ &

U.S DEPARTMENT OF & . = ™o L
ENERGY ven o (B

- Los Alamos
NATIONAL LAaDRATORS

Number of wells

7

Pacific
Northwest

le-22

le-20 le-18 1e-16

Well Permeability (m?)

le-14

-

*

Sases lojanpaey

Review

le-12

le-18

NRAP
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Model 1. Cemented well model

Wellbore
9 Pressure = 66% Lithostatic Flow Rate Pressure = 90% Lithostatic
(kals)
Unnecessary =
£
caprock removed C =
aprock £
. from model & 3000
Variable Yariable
location Thief Zone <3
depth f thief o 60 03 g
QLTS CO, Saturation 41040 Permeability (D) €O, Saturation 1 10 Permeability (D)
Z0nhe
Caprock
| . (b) Pressure = 66% Lithostatic Water Pressure = 90% Lithostatic
CO, injector Fl&\;;:)ate

2
1000 0.015
RESENOIr E 2000 E

£ S

§' 3000 e §'
4000

Harp et al., 2014 0.005 20 1
so 0.5 40 508 0.5
Permeability (D) qoo CO Saturation B Permeability (D) 900 coz Saturation

Jordan et al., 2015
Developed at LANL as part of NRAP

Treats multiphase flow of CO, and brine up a cemented well

Built from many numerical simulations (FEHM) that are fitted with a response
surface to develop polynomials to describe behavior (MARS).

Can deal with leakage to atmosphere, aquifer, and thief zone
- : » Los Alamos
Currently incorporated into NRAP-IAM

EST.1943

U.S. DEPARTMENT OF : \W/ -
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Model 2. Multisegmented well model

Q Abandoned
Well

Injection
Well j - - m
: 7
ﬂLeaky Well =
| e e
‘ "—::ﬁ' DN KN
co, inctor | e e
::‘—: (= \\ P _________________-'. ._________________
< — | e e
- = ~
e ‘ .__________-_____:_' 1 _: _________ P—
Nordbotten et al., 2005 oo b _:::_::::'_Bf_':_:_
> DK
Built from models developed by Princeton University ] e e B
Treats multiphase flow of CO, and brine up a cemented P —-1, D1 Ky
well L L,
Can deal with leakage to atmosphere, aquifer, and thief Nordbotten et al.. 2004
zone(s)

Can simulate simple injection and transport to leaky well

U.S. DEPARTMENT OF /—‘\l a ﬁj = .Q p
Al | ~ A
ENERGY NSTL 0 m LosAlamos  Feciic., NRAl
[EIRTTEY |‘ y National Risk Assessment Partnership




Model 3: Open well model

(253 (is «  Developed at LBNL as part of NRAP

. g, w 0| —  Panetal. (2009, 2011a, 2011b, 2011c)
‘g“ &‘:,_5 S Botom — . Treats the flow of CO, up an open well

s Ed 2 s «  Uses Drift-Flux approach

é?: éo.s . Currently incorporated into NRAP-IAM
gl ) &L __ - 1 __ |+ Candownload full version from LBNL as

Time (seconds) Time (seconds) T2WelllECO2N

(c) (d) . . .. . ;
25 70 — This version treats injection well, reservoir,
'
Z , o | E® Top and leaky open well
_g’ ------ Middle >so] - Middle
= | - Bottom ] E -------- - Bottom
215 O 40
© 3 -
(4 o 2 (a) (b)
3 i 30 25 0
2! x 2 r—
l(;“ /"’“ ' £ ® , No Salt 200}
00.5 i : @ 10 g —=—— Brine _
r ! o 1 .. J e . §_400
o100 100 10° 100 10f S0 100 10t 100 10 o £
Time (seconds) Time (seconds) ¥ . & so0}
o o
[
Figure 1. Case 1: Flow rates and velocities of liquid (H,O-rich phase), gas (CO,-rich Slos sook
phase), and CO, (component) at three levels in the well (bottom, middle, and top). O
o - . : s s 5000 10000 15000 20000
= 10 Ti:ﬁe (s;gzond;?: 10 Pressure Gradient (Pa/m)
A
Figure 3. Case 1: The effect of brine on CO, (component) leakage rate through
the wellhead (a) and the pressure gradients along the wellbore at 36000 s (b).

Mass fraction of salt in the brine is 0.12.

U.S DEPARTMENT OF g | Pal \V/ S
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Model 4. Brine leakage model

o
-
-

—
I
—

l

b —— ] 3¢

-
—
—

Model overview

» Darcy’s equation for flow in series

» As fluid front (x;) moves through core the precipitation
front (x,) and dissolution front (x,) will lag behind front
but grow at constant rates (a and f3)

» Solve Darcy’s equation such that: q = dx;/dt TL

* X; related volume of fluid leaked _—

 Permeability of precipitation zone (k;) evolves with x,

U.S. DEPARTMENT OF /—\ \gy/ - o
- Pacific
ENERGY NSTL dmes o NRAP
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